Background: Complement activation and oxidative damage contribute to retinal pigment epithelium (RPE) pathology in age-related macular degeneration (AMD). Results: C5a induces interleukin-1␤ in human RPE cells and enables its release in response to lipofuscin phototoxicity. Conclusion: C5a primes RPE cells for inflammasome activation by lipofuscin-mediated photooxidative damage. Significance: This mechanism provides a new link between key factors of AMD pathogenesis.
Age-related macular degeneration (AMD) 2 is the leading cause of blindness in all industrialized countries (1) . For the majority of patients, in particular those affected by the intermediate stage and the atrophic late stage of the disease, there is currently no effective treatment available. Elucidating the still unresolved pathogenesis of this multifactorial, complex disease will help to identify potential targets for therapeutic intervention. The retinal pigment epithelium (RPE), a monolayer of post-mitotic support cells essential for photoreceptor function, is primarily affected by AMD. Oxidative/photooxidative damage to the RPE contributes to AMD, and antioxidative treatment has been demonstrated to slow disease progression in clinical trials (2) . This damage is believed to be mediated at least in part by the photoreactive properties of lipofuscin and lipofuscin component A2E that accumulate in the macular RPE in large amounts over a lifetime (3, 4) .
In addition, several lines of evidence indicate that processes of the innate immune system play a critical role in the pathogenesis of AMD. Activated components of the complement system such as C3a and C5a are detectable both locally in the sub-RPE space and systemically in plasma of AMD patients (5, 6) . Genetic polymorphisms in several complement components and regulators such as CFH, C2, C3, and CFB are strongly associated with AMD (7) . Another part of the innate immune system, the NLRP3 inflammasome, has recently been proposed to also contribute to AMD pathogenesis. Activation of the NLRP3 inflammasome in RPE cells was demonstrated in both atrophic and neovascular AMD (8, 9) , and increased intravitreal and systemic levels of the inflammasome activation products IL-1␤ and IL-18 have been reported in AMD patients (10, 11) . The inflammasome protein complex serves as an intracellular sensor for various signals of cell damage (12) . Its activation results in the secretion of highly pro-inflammatory cytokines such as IL-1␤ and IL-18 and eventually in cell death by pyroptosis.
Activation of the NLRP3 inflammasome is a two-step process that requires an initial priming signal and a subsequent activation signal (12) . The priming signal results in NF-B-dependent transcriptional induction of NLRP3 and pro-IL-1␤. The activation signal subsequently triggers assembly of NLRP3 and other protein components into the active inflammasome protein complex that results in caspase-1-mediated cleavage of pro-IL-1␤ and pro-IL-18 into mature IL-1␤ and IL-18. Several substances have been suggested to provide the inflammasome activation signal in AMD including drusen components such as C1q (13) and amyloid-␤ (14) , Alu RNA accumulation secondary to DICER1 deficiency (8) , the lipofuscin component Nretinylidene-N-retinyl-ethanolamine (A2E) (15) , and the lipid peroxidation product 4-hydroxynonenal (HNE) (16) . We have recently suggested an additional mechanism by demonstrating that photooxidative damage to the RPE, enhanced by accumulated lipofuscin, can activate the NLRP3 inflammasome by inducing lysosomal membrane permeabilization and cytosolic leakage of lysosomal enzymes (17, 18) .
In contrast to inflammasome activation, the mechanism of inflammasome priming in AMD has been little investigated so far. Interestingly, a recent study in patients with early or intermediate AMD demonstrated the CFH risk genotype to be associated with significantly increased plasma levels of the inflammasome-regulated cytokine IL-18, suggesting a role for activated complement components like C3a and C5a in inflammasome activation in AMD (19) . Inflammasome priming by complement activation products has also been proposed in the context of other diseases such as atherosclerosis and gout (20, 21) . In this study, we investigated the capacity of activated complement components to prime human RPE cells for inflammasome activation by lipofuscin-mediated photooxidative damage.
Experimental Procedures
Cell Culture and Treatments-Human fetal primary RPE (pRPE) cells (Clonetics H-RPE; Lonza, Cologne, Germany) were cultured in medium provided by the manufacturer (Clonetics RtEGM; Lonza) containing 2% heat-inactivated fetal bovine serum (FBS) and were used in experiments for a maximum of 6 cell culture passages. The human non-transformed RPE cell line ARPE-19 (CRL-2302; ATCC, Rockville, MD) was cultured as previously reported using medium containing 10% heat-inactivated FBS (22) . For inflammasome priming, culture medium was exchanged by FBS-free medium supplemented with the indicated priming agents as described below.
For analysis of C5a receptor (C5aR) expression, cells were treated with 50 ng/ml C5a (R&D Systems, Wiesbaden, Germany) (23, 24) . Cathepsin B inhibitor CA-074 (Merck/Calbiochem, Darmstadt, Germany) and cathepsin L inhibitor Z-FF-FMK (Merck/Calbiochem) were used at a concentration of 10 M each for 1 h prior to and during irradiation treatment. For inhibition of caspase-1, we applied 10 M of Z-YVAD-FMK (BioVision, Munich, Germany) 30 min prior to and during irradiation. Binding to C5aR was blocked using 0.5 M of an inhib-itory mouse monoclonal IgG antibody directed against human C5aR (clone S5/1; Biolegend, Fell, Germany). The drug anakinra (Kineret; Swedish Orphan Biovitrum, Langen, Germany) was used at a concentration of 100 ng/ml to inhibit the IL-1 receptor (IL1R).
Immunocytochemistry and Western Blot Analysis-For immunocytochemical detection of ZO-1 and C5aR, cells were stained with a rabbit polyclonal anti human ZO-1 antibody (Life Technologies, Darmstadt, Germany) and a mouse monoclonal anti human C5aR antibody (clone S5/1; Biolegend, Fell, Germany), respectively. Cells were fixed with 4% paraformaldehyde for immunocytochemistry. No cell permeabilization agent was applied prior to immunodetection of C5aR to limit this staining to cell surface proteins.
For Western blot analysis of C5aR and pro-IL-1␤, we employed a mouse monoclonal anti human C5aR antibody (clone S5/1; Biolegend, Fell, Germany) and a goat polyclonal anti human IL-1␤ antibody (R&D Systems, Wiesbaden, Germany), respectively. Cells were lysed using RIPA buffer, and total protein content of cell lysates was quantified by Bradford assay (Sigma-Aldrich, Munich, Germany). Equal amounts of 50 g of total protein per sample were separated by electrophoresis in 4 -12% SDS-polyacrylamide gels (Lonza, Cologne, Germany) prior to transfer onto nitrocellulose membranes (Thermo Scientific) and subsequent immunodetection.
RT-PCR and Quantitative Real-time PCR-For conventional RT-PCR, isolation of total RNA from RPE cells and reverse transcription into cDNA was carried out with the Power SYBR Green Cells-to-Ct Kit (Life Technologies, Darmstadt, Germany) as recommended by the manufacturer. PCR was performed with 40 cycles using the KAPA2G Fast PCR Kit (PEQLAB Biotechnologie, Erlangen, Germany). The primers used for detection of C5aR, C3a receptor (C3aR), and C5a-like receptor 2 (C5L2) have been described (25) . For human glyceraldehyde-3-phosphate dehydrogenase (GAPDH), we employed the sense primer 5Ј-CTCTGCTCCTCCTGTTCGAC-3Ј and the antisense primer 5Ј-GCGCCCAATACGACCAAATC-3Ј. PCR products were run on 2% agarose gel with a 100 bp DNA ladder marker (Sigma-Aldrich). The negative control contained all PCR components but no cDNA template.
Quantitative real-time PCR (qPCR) was performed using again the Power SYBR Green Cells-to-Ct Kit (Life Technologies, Darmstadt, Germany) according to the manufacturer's protocol on a real-time PCR system (LightCycler 480 II; Roche, Basel, Switzerland) with the primers described above. The amount of target mRNA in test samples was normalized to GAPDH, and the comparative Ct method was used to evaluate gene expression.
Inflammasome Priming-For inflammasome priming, cells were treated with the indicated priming agents during the last 48 h of incubation with photoreceptor outer segments (POS). For priming with interleukins, cells were treated with 4 ng/ml recombinant human IL-1␣ (R&D Systems, Wiesbaden, Germany) (9) or 50 pg/ml recombinant human IL-1␤ (R&D Systems). For priming with normal human serum (NHS), full blood was drawn from a healthy donor into anticoagulant-free tubes. Blood samples were sedimented at room temperature for 30 min. Serum was separated by centrifugation (2000 ϫ g, 5 min) and immediately stored at Ϫ80°C. Heat inactivation of complement components was performed by incubating NHS in a water bath of 56°C for 30 min. For inflammasome priming, NHS, heat-inactivated NHS, or C5-depleted human serum (Sigma-Aldrich) was added to FBS-free cell culture medium at a concentration of 25% each. In an additional treatment group, cell culture medium containing C5-deficient serum was resupplemented with 50 ng/ml C5a (R&D Systems, Wiesbaden, Germany).
Inflammasome Activation-Following inflammasome priming, inflammasome activation by lipofuscin-mediated photooxidative damage was induced in RPE cells as previously described (17) . Briefly, isolated porcine POS were covalently modified with the lipid peroxidation product HNE (5 mM) to stabilize them against lysosomal degradation (26) . RPE cells were incubated with modified POS (concentration equivalent to 4 mg total POS protein per cm 2 cell growth area) daily for 7 days, resulting in lipofuscinogenesis (22) . During the last 48 h of POS treatment, cells were co-incubated with the respective priming agent as indicated. Subsequently, medium was changed, and cells were irradiated with blue light (peak wave length, 448 nm; irradiance, 0.8 milliwatt/cm 2 ) for the indicated times of up to 6 h to induce photooxidative lysosomal membrane permeabilization and subsequent NLRP3 inflammasome activation (17) . Irrespective of the duration of irradiation, medium was collected 6 h after the medium change in all treatment and control groups. Secretion of IL-1␤ secondary to inflammasome activation was measured by specific ELISA (BD OptEIA Human IL-1␤ ELISA Kit II; BD Biosciences, Heidelberg, Germany). To analyze loss of plasma membrane integrity secondary to inflammasome-mediated cell death, we assessed lactate dehydrogenase (LDH) release (Cytotoxicity Detection Kit; Roche, Mannheim, Germany).
Priming by Conditioned Medium-Conditioned medium was obtained from ARPE-19 cells following inflammasome activation by lipofuscin phototoxicity. This was induced by HNE-POS incubation, IL-1␣ priming, and blue light irradiation as described above. Before the start of irradiation, cells were washed and medium was changed. After 6 h of irradiation, conditioned medium was collected for use in priming experiments.
In control experiments, inflammasome activation was achieved by treatment with L-leucyl-L-leucine methyl ester (Leu-Leu-OMe) (9) . For this, ARPE-19 cells were primed by IL-1␣, incubated with 1 mM Leu-Leu-OMe (Bachem, Bubendorf, Switzerland) for 1 h, washed, and incubated with new medium without Leu-Leu-OMe for another 2 h before conditioned medium was collected. For inflammasome priming by conditioned medium, treatment-naive cells were incubated with conditioned medium of HNE-POS/blue light-treated or Leu-Leu-OMetreated cells for 48 h. 
Results
Anaphylatoxin Receptors C3aR, C5aR, and C5L2 Are Constitutively Expressed by Human RPE Cells-C3a and C5a represent the two dominant anaphylatoxins during complement activation. C3a binds to C3aR. C5a is a ligand for both C5aR and C5L2 with most biological effects being mediated by C5aR. Expression of C5aR and C3aR has been demonstrated in ARPE-19 cells (24, 25, 27) . Expression of C5aR in RPE cells has also been detected by immunohistochemistry of human donor eyes where it was found to be localized predominantly on the basolateral cell side (28) . We extended these previous studies by investigating the expression of C3aR, C5aR, and C5L2 in ARPE-19 and pRPE cells. Under the culture conditions employed in our experiments, both cell types exhibited characteristics of differentiated RPE cells including epithelial monolayer formation, hexagonal cell morphology, and intercellular ZO-1-positive tight junctions (Fig. 1A) . In both RPE cell types, we detected constitutive expression of all three anaphylatoxin receptors ( Fig. 1B) .
C5aR, but Not C3aR, Is Up-regulated following Incubation with Activated Complement-In normal human serum (NHS) in vitro, complement activation occurs rapidly when incubated at 37°C, and thus complement-competent NHS in vitro is a rich source for complement activation products even without addition of complement activators such as zymosan (29) . In contrast, heating of NHS to 56°C for 30 min inactivates complement components and prevents complement activation but DECEMBER 25, 2015 • VOLUME 290 • NUMBER 52 preserves the activity of other less heat-labile serum proteins. To assess the effects of activated complement components on anaphylatoxin receptors in human RPE cells, we measured expression of C5aR and C3aR in ARPE-19 cells and pRPE cells after incubation with complement-competent NHS and heatinactivated NHS (HI-NHS) by qPCR analysis.
C5a Primes Inflammasome in RPE Cells
Studies investigating the time course of C5aR expression in ARPE-19 cells following stimulation with inflammatory cytokines reported a up-regulation with a maximum after 6 h for mRNA expression and after 24 h for cell surface protein expression (24) . We likewise found that incubation of ARPE-19 cells with complement-competent NHS induced a significant upregulation of C5aR expression (p ϭ 0.007) with a peak 6-fold induction after 6 h ( Fig. 2A ). Heat inactivation of complement components completely prevented the effect of NHS on C5aR expression ( Fig. 2B) . In contrast to C5aR, expression of C3aR was not significantly affected by incubation with complementcompetent NHS (Fig. 2C ). Similar to NHS, recombinant C5a induced a maximum 6-fold up-regulation of C5aR expression in ARPE-19 cells (p ϭ 0.011) after 6 h (Fig. 2D ). This result was confirmed in pRPE cells, which likewise exhibited a significant up-regulation of C5aR epression (p ϭ 0.0097) following incubation with C5a ( Fig. 2E ). Western blot analysis performed in ARPE-19 cells at different time points up to 24 h after beginning of an incubation with C5a for 6 h confirmed that the observed mRNA induction resulted in increased C5aR protein expression ( Fig. 2F) . Similarly, immunocytochemistry performed without cell permeabilization demonstrated increased C5aR cell surface staining in ARPE-19 cells 24 h following start of a C5a incubation for 6 h (Fig. 2G) .
Our findings indicate that human RPE cells respond to incubation with activated complement components by up-regula-tion of C5aR expression whereas expression of C3aR is not affected. These results suggest C5aR as a mediator of complement effects on RPE cells and triggered us to further investigate C5a as a potential priming signal for the NLRP3 inflammasome in RPE cells.
NHS Primes RPE Cells for Inflammasome Activation by Lipofuscin-mediated Photooxidative Damage-We previously demonstrated that the in vitro model of lipofuscin-mediated photooxidative damage in RPE cells employed in this study results in activation of the NLRP3 inflammasome with activation of caspase-1 and subsequent release of IL-1␤ and IL-18 (17, 18) . For our experiments, ARPE-19 cells and pRPE cells were incubated with unmodified POS or POS modified with the lipid peroxidation product HNE (HNE-POS) to induce intracellular accumulation of low and high levels of lipofuscin-like material, respectively. Subsequently, lipofuscin-loaded RPE cells were irradiated with blue light for up to 6 h. Inflammasome activation was assessed by means of inflammasome-regulated IL-1␤ secretion and inflammasome-induced pyroptotic cell death in both ARPE-19 cells (Fig. 3, A and B) and pRPE cells (Fig. 3, C  and D) .
Without prior inflammasome priming, no inflammasome activation was detectable in RPE cells following blue light irradiation. In contrast, in positive control cells treated with the priming agent IL-1␣ (9), blue light irradiation resulted in significant inflammasome activation with IL-1␤ secretion and pyroptosis. Inflammasome activation increased with light dose. Incubation with NHS exerted a strong priming effect similar to IL-1␣. Inflammasome activation of NHS-primed cells was dependent on activity of the inflammasome component caspase-1 and the lysosomal protease cathepsin B, consistent with the previously reported mechanism of inflammasome FIGURE 2. C5aR, but not C3aR, is up-regulated following incubation with activated complement. Using qPCR, we analyzed expression kinetics of (A) C5aR in ARPE- 19 
cells incubated with complement-competent NHS, (B) C5aR in ARPE-19 cells incubated with heat-inactivated NHS, (C) C3aR in ARPE-19 cells incubated with complement-competent NHS, (D) C5aR in ARPE-19 cells incubated with recombinant human C5a, and (E) C5aR in pRPE cells incubated with recombinant human
C5a. Target mRNAs were normalized to GAPDH. Experiments were performed in triplicates, and results are presented as mean Ϯ standard deviation. F, increased expression of C5aR protein (37 kDa) following priming with C5a was detected by (F) Western blot analysis and (G) immunocytochemistry in ARPE-19 cells.
C5a Primes Inflammasome in RPE Cells
activation by lysosomal enzyme leakage (17) . There was good agreement between results in ARPE-19 cells and pRPE cells. The data demonstrate that complement-competent NHS contains a factor capable of providing the priming signal for subsequent inflammasome activation in RPE cells.
Complement Component C5a Is the Active Priming Agent in NHS-To identify the active priming agent in NHS, different complement components were inhibited during priming, and subsequent inflammasome activation by lipofuscin/blue light treatment was assessed again by means of IL-1␤ secretion and cell death in ARPE-19 cells (Fig. 4, A and B) and pRPE cells (Fig.  4, C and D) . First, we inactivated all complement components in NHS by heating. We found that the priming effect of NHS was completely suppressed after heat inactivation, suggesting that heat-labile serum components such as complement components mediate inflammasome priming by NHS. To further delineate the responsible complement component in NHS, cells were treated with a C5aR inhibitor during priming with DECEMBER 25, 2015 • VOLUME 290 • NUMBER 52
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NHS with resulted in a significant reduction of the priming effect. Likewise, depletion of C5 prevented the priming effect of NHS. Supplementation with recombinant C5a resulted in complete restoration of the priming capacity of C5-depleted NHS.
To confirm that the observed IL-1␤ secretion is indeed a result of inflammasome priming we analyzed the induction of pro-IL-1␤ protein expression that represents a key element of inflammasome priming. In agreement with our results regarding IL-1␤ secretion, pro-IL-1␤ protein expression in ARPE-19 cells was strongly induced by incubation with IL-1␣, NHS, or C5a as compared with control cells incubated with heat-inactivated NHS or C5-depleted NHS (Fig. 5 ). As previous studies demonstrated that ARPE-19 cells, unlike other cell types, constitutively express NLRP3 even in unprimed conditions and do not induce NLRP3 expression after priming (9) we did not include NLRP3 in this analysis. In summary, our results identify the complement component C5a as the active priming agent in NHS and demonstrate that C5a is capable of priming human RPE cells for inflammasome activation by lipofuscin-mediated photooxidative damage. Inflammasome Priming in RPE Cells Is Enhanced by a Paracrine Amplification Loop-Inflammasome priming involves induction of IL-1␤ expression, and IL-1␤ is known to induce its own expression by an auto-/paracrine amplification loop (30, 31) . Therefore, we investigated whether inflammasome activation in RPE cells results in paracrine priming of the inflammasome in neighboring RPE cells. To test for this, we performed priming experiments with conditioned medium of cells following inflammasome activation. First, ARPE-19 cells were incubated with HNE-POS to induce lipofuscin accumulation, primed with IL-1␣, and subsequently irradiated with blue light to trigger inflammasome activation as described above. As a positive control, inflammasome activation was induced in ARPE-19 cells by IL-1␣ priming and subsequent treatment with Leu-Leu-OMe (9) . We confirmed that inflammasome activation resulted in a significant induction of IL-1␤ secretion in both treatment groups (Fig. 6A ). Conditioned medium of lipofuscin/blue light-treated and Leu-Leu-OMe-treated RPE cells was collected for further priming experiments.
In a second step, new, untreated ARPE-19 cells were loaded with lipofuscin by HNE-POS treatment, incubated with the collected conditioned medium for 48 h, thoroughly washed to remove any IL-1␤ contained in the conditioned medium, and irradiated with blue light. Subsequently, inflammasome activation was assessed by measuring IL-1␤ secretion. In these experiments, conditioned medium derived from both lipofuscin/blue light-treated and Leu-Leu-OMe-treated cells exerted a strong priming effect that enabled inflammasome activation (Fig. 6B ). However, when cells were co-incubated with the IL1R-inhibitory drug anakinra during priming with conditioned medium from lipofuscin/blue light-treated cells, the priming effect was significantly reduced (p ϭ 0.020). This indicates that the priming effect of conditioned medium is mediated by an IL1R ligand such as IL-1␤. Indeed, incubation of RPE cells with recombinant IL-1␤ alone instead of conditioned medium likewise resulted in a strong priming effect.
Additional analysis of inflammasome priming by means of pro-IL-1␤ protein expression produces results consistent with IL-1␤ secretion measurements (Fig. 6C ). As described above, conditioned medium was collected from ARPE-19 cells following priming with IL-1␣, treatment with HNE-POS, and irradiation with blue light. Incubation of new, untreated ARPE-19 cells with the conditioned medium resulted in marked induction of pro-IL-1␤ protein expression as compared with unprimed control cells incubated with unconditioned medium. The induction of pro-IL-1␤ was partially suppressed when cells were co-incubate with the IL1R inhibitor anakinra during priming. Together, these results indicate that during inflammasome activation in RPE cells in vitro, inflammasome-regulated cytokines such as IL-1␤ initiate a paracrine amplification loop of inflammasome priming that is amendable to intervention by IL1R-inhibitory drugs.
Discussion
Blue light irradiation of RPE cells in the presence of oxygen results in generation of reactive oxygen species in a lipofuscindependent manner (3) and subsequent permeabilization of lysosomal membranes by oxidative damage (32, 33) . We have previously shown that lysosomal membrane permeabilization by lipofuscin-mediated photooxidative damage activates the NLRP3 inflammasome in primed RPE cells (17, 18) . This mechanism may underlie the inflammasome activation observed in the RPE of AMD patients (8, 9) and may contribute to RPE pathology in this disease.
Activation of the NLRP3 inflammasome is a posttranscriptionally regulated event mediated by assembly of inflammasome components and subsequent proteolytic maturation of interleukin precursors. In most cells, however, inflammasome component NLRP3 and interleukin precursor pro-IL-1␤ are not expressed constitutively or only to low amounts. Therefore, inflammasome activation requires a prior priming signal to induce expression of these proteins. Most previous studies including our own investigated the mechanisms of inflammasome activation in RPE cells by utilizing well-established priming agents such as LPS and IL-1␣ (9, (15) (16) (17) (18) . However, the relevance of these substances as priming agents of the RPE in vivo in the context of AMD is unclear. We therefore investigate activated complement components as potential priming agents in RPE cells.
Chronic complement activation is associated with AMD, and activated complement components like C3a and C5a are deposited in the sub-RPE space in AMD (5) . Thus, RPE cells are in constant, direct contact with these bioactive substances that, therefore, represent candidates for the inflammasome priming signal in AMD via anaphylatoxin receptors such as C5aR that is expressed on the basolateral side of the RPE (28) . Indeed, AMD patients with the CFH risk genotype exhibit significantly increased systemic levels of the inflammasome-regulated cytokine IL-18 as compared with AMD patients without the CFH risk genotype, supporting a role for activated complement components in inflammasome activation in AMD (19) . In other autoinflammatory diseases such as atherosclerosis and gout, inflammasome priming by complement activation products has likewise been proposed (20, 21) . To elucidate the role of complement activation products in inflammasome activation in AMD, we studied the capacity of activated complement components to provide the priming signal in human RPE cells for subsequent NLRP3 inflammasome activation by lipofuscinmediated photooxidative damage.
Our experiments were performed in the human RPE cell line ARPE-19 and primary fetal human RPE cells. In both cell types be detected constitutive expression of the anaphylatoxin receptors C5aR, C3aR, and C5L2. Employing inflammasome-regulated IL-1␤ secretion and inflammasome-mediated pyroptotic cell death as measures for inflammasome activation, we dem- DECEMBER 25, 2015 • VOLUME 290 • NUMBER 52 onstrated distinct priming effects for activated complement in human serum as well as for recombinant C5a. Complement heat-inactivation, C5 depletion, and C5a receptor inhibition suppressed the priming effect of human serum, indicating that C5a represents the active priming agent in complement-activated human serum. Priming by C5a enabled subsequent inflammasome activation by lipofuscin-mediated photooxidative damage. Inflammasome activation was dependent on activity of caspase-1 and cathepsin B. Unlike the priming signal, complement-activated serum and C5a were found to be unable to provide the activation signal and, thus, to directly induce inflammasome activation in RPE cells which is consistent with previous reports (34) .
C5a Primes Inflammasome in RPE Cells
Proteins covalently modified with the lipid peroxidation product carboxyethylpyrrole (CEP) have been reported to prime the NLRP3 inflammasome via TLR2 (13) . However, subsequent reports have questioned the priming ability of CEPadducted proteins and rather found it to potentiate inflammasome priming by other signals (35) . In our experiments, we did not observe a priming effect of HNE-adducted POS in RPE cells. For example, inflammasome activation was not inducible in cells incubated with HNE-POS alone (Fig. 3 , unprimed group) but only in cells co-incubated with the priming agent IL-1␣ ( Fig. 3, IL-1␣ group) . In similar experiments, we determined that POS modified by malondialdehyde (MDA) likewise did not induce inflammasome priming in RPE cells (data not shown). Thus, proteins modified by the lipid peroxidation products HNE and MDA do not seem to represent inflammasome priming signals for the RPE.
While immunological and inflammatory processes are usually believed to contribute to AMD pathogenesis in a detrimental way, the role of inflammasome activation in AMD is still controversial and may vary depending on disease stage and subtype. Inflammasome activation in retinal microglial cells and macrophages has been suggested to reduce choroidal neovascularization via IL-18 and thus to be protective in neovascular AMD (13, 36) . In contrast, inflammasome activation in RPE cells has been reported to result in RPE degeneration which may contribute to the development of atrophic AMD (8, 37) . While patients with neovascular AMD can be effectively treated with VEGF blocking drugs, no effective therapeutic options are currently available for atrophic AMD. Therefore, the unmed need for identification of potential pharmaceutical targets in atrophic AMD is of crucial importance for clinical ophthalmology.
Inhibitors of C5 and C5a as well as of complement components upstream of C5a generation such as CFD and C3 are currently evaluated in clinical studies in patients with AMD. In our study, inhibition of the C5a/C5aR axis reduced inflammasome activation by lipofuscin phototoxicity in RPE cells. This result supports the rational for therapeutic complement inhibition in atrophic AMD. Moreover, our results suggest the presence of a paracrine amplification loop of inflammasome priming in RPE cells via IL1R. Treatment by the IL1R-inhibitory drug anakinra significantly reduced inflammasome activation in our in vitro experiments, thus providing another potential treatment strategy. Finally, direct therapeutic interference with inflammasome activation has been demonstrated to be effective in vivo, for example using small molecules that provide specific inhibition of NLRP3 (38) , and could be tested in future clinical trials for AMD.
In summary, our study identifies complement component C5a as a priming agent for the inflammasome in RPE cells that enables subsequent NLRP3 inflammasome activation by stimuli such as lipofuscin-mediated photooxidative damage. This molecular pathway links hallmark events of AMD pathogenesis including complement activation, lipofuscin accumulation, oxidative damage, and RPE degeneration and may provide novel treatment targets. Inflammasome-inhibiting therapeutics may serve as a potential future means of prevention and treatment of atrophic AMD. FIGURE 6 . Inflammasome priming in RPE cells is enhanced by a paracrine amplification loop. A, inflammasome activation was induced in IL-1␣-primed ARPE-19 cells by HNE-POS/blue light treatment or incubation with Leu-Leu-OMe. Cells treated with HNE-POS but without blue light irradiation served as controls. Conditioned medium of these cells was collected. B, subsequently, new ARPE-19 cells were primed with conditioned medium of HNE-POS-treated control cells, conditioned medium of HNE-POS/blue light-treated cells conditioned medium of HNE-POS/blue light-treated cells and the IL1R inhibitory drug anakinra, conditioned medium of Leu-Leu-OMe-treated cells, or recombinant human IL-1␤. Inflammasome activation was induced in all treatment groups by HNE-POS/blue light treatment and analyzed by means of IL-1␤ secretion. C, expression of pro-IL-1␤ protein (36 kDa) was assessed in ARPE-19 cells following priming with either conditioned medium of HNE-POS/blue light-treated cells or conditioned medium of HNE-POS/blue light-treated cells and co-incubation with the IL1R inhibitor anakinra, as well as in unprimed control cells. Experiments (A, B) were performed in duplicates following the assay manufacturer's recommendation, and results are presented as mean Ϯ S.D.
